We studied the photo double ionization of hydrogen molecules in the threshold region (50 eV) and the complete photo fragmentation of deuterium molecules at maximum cross section (75 eV) with single photons (linearly polarized) from the Advanced Light Source, using the reaction microscope imaging technique. The 3D-momentum vectors of two recoiling ions and up to two electrons were measured in coincidence. We present the kinetic energy sharing between the electrons and ions, the relative electron momenta, the azimuthal and polar angular distributions of the electrons in the body-fixed frame. We also present the dependency of the kinetic energy release in the Coulomb explosion of the two nuclei on the electron emission patterns. We find that the electronic emission in the body-fixed frame is strongly influenced by the orientation of the molecular axis to the polarization vector and the internuclear distance as well as the electronic energy sharing. Traces of a possible breakdown of the Born-Oppenheimer approximation are observed near threshold.
The hydrogen molecule under the reaction microscope: single photon double ionization at maximum cross section and threshold (doubly differential cross sections)
Introduction
The investigation of correlated many-body systems is a key challenge in many fields of physics, chemistry and microbiology. The correlated motion of electrons and ions determines major physical effects in solid-state physics, atomic and molecular phenomena and nuclear reactions. However, after more than a century, quantum theory has not offered an analytic solution for the wave function of any physical system with three or more charged particles. Within the past three decades many theoretical [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and experimental investigations of the photo double ionization (PDI) of helium atoms became a test-bed for the investigation of a fundamental atomic three-body problem. Following many technical innovations, this research has led to a detailed description of the important dynamics in this system.
On the experimental side reaction microscopy, employing time and position sensitive detectors [37, 38] , has enabled substantial breakthroughs because it often delivers fully differential cross sections. Based on a coincidence electronion 3D-momentum imaging technique, the kinematics of the ionization process can be displayed in internal (electron-electron) frames. In some cases kinematically complete experiments, i.e. the full coincident detection of the 3Dmomenta of all particles involved and covering the entire final state phase space (apart from spin orientations), have been realized (e.g. [21] ). Despite this progress, taking the next step, i.e. understanding the complete fragmentation of molecular hydrogen with a single photon, remains a fundamental and challenging four-body-problem.
Early work in theory [39] [40] [41] [42] [43] and experiment [44] [45] [46] [47] [48] laid the foundation more than 30 years ago, but even the more modern theoretical approaches [49] [50] [51] [52] [53] [54] [55] [56] [57] and measurements [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] struggle to paint the full picture. In the photon energy regime of the latter studies the momentum of the photon is almost negligible compared to the momenta of the massive fragments. Accordingly, the absorption of light is almost equivalent with the deposition of pure energy accompanied by one unit of angular momentum into the molecular system. While angular momentum and parity accounting must be followed, the angular momentum of the electronic subsystem is not a conserved quantity in the two center Coulomb potential.
Moreover, depending on the photon wavelength, four additional aspects in this PDI process are relevant and can be categorized as follows (Compton scattering, which becomes relevant at very high photon energies and drew a lot of attention in the PDI of He [70] [71] [72] [73] , is not considered here): a. The finite internuclear distance and the relativemomentum vector of the recoiling ions define new coordinate frames, which break the radial symmetry of the initial and final state. The molecular symmetries yield a distinct influence on the angular distributions of the electrons with respect to the molecular orientation. b. The exchange of angular momentum between the electrons and the molecular axis affects the dynamics of the final state. c. For photon energies producing short electron wavelengths in the continuum comparable to the internuclear distance, the two-center-geometry of the protons represents a molecular double-slit for the outgoing electron pair. Young-type interference effects can accompany the diffraction-pattern. d. The dynamics of the four-particle motion, i.e. the interplay of two correlated electrons and two recoiling nuclei, triggered by the PDI and subsequent molecular break-up, governs the relative particle emission patterns. In most cases the ionization process is described within the Born-Oppenheimer approximation, which typically does not include any interaction of the emitted electron(s) and the final ionic state. This approximation might be violated when the electron energy is low enough, because in that case the electrons and ions move on the same timescales and possibly interact with each other.
Points (a) and (b), which are constrained by various kinematic selection rules [74] [75] [76] , were experimentally successfully revealed by highly differential cross sections measurements [61] [62] [63] 65] and these measurements stimulated intricate numerical solutions of the Schrödinger equation (see e.g. [49] [50] [51] ). Strong influences of the ion kinetic energy release (KER) on the electron emission patterns were found. An even stronger KER sensitivity was found for the single ionization of H 2 with subsequent dissociation. In this case selecting different KERs revealed strong asymmetries in the associated molecular frame photoelectron angular distributions as final states with σ and π symmetries were coherently mixed [77, 78] .
Issues (c) and (d) are both very challenging to study experimentally. This is because in both cases, the cross sections are very low, while at the same time a coincident (multi-hit) detection of electron and ion pairs is required. Thus, the experimental event rate is very low even when using 4π imaging detection systems. However, by improving the momentum resolution of the ion detection scheme in modern reaction microscopes, the 3D-momentum vector of the fast electron could be derived from the momenta of the two recoiling ions and the slow electron via the momentum conservation law. This approach reduces the number of particles to be collected in coincidence inside the spectrometer from four to three, i.e. two recoiling ions and one electron. This is very beneficial for gathering statistically meaningful results in a reasonable time. It enabled kinematically complete measurements of the PDI of H 2 at photon energies of 160 eV and higher. Molecular T. Young double-slit experiments could be performed studying interference effects and electron-electron entanglement [64, [66] [67] [68] . Moreover, this technical advancement has been applied successfully to study the PDI of more complex molecules such as N 2 [79] [80] [81] [82] [83] and C 2 H 4 [84] , where similar effects were observed.
However, the experimental investigation of the PDI near threshold ((d) above) remains highly demanding. This is because the small electron momenta cannot be resolved from a measurement of the ion momenta, which are dominated by the ionic Coulomb repulsion. But it is exactly here where four-body dynamics (i.e. point (d)) is expected to be at its strongest. Once the electrons are in the same velocity range as the recoiling ions, the Coulomb interactions will cause a breakdown of the Born-Oppenheimer approximation. Such electrons can even retroact. This was for instance observed in the single ionization and subsequent dissociation of H 2 [85] . In this case the proton trajectory is influenced by the presence of the long-range Coulomb potential of the retroacting electron.
Investigating the final state of the PDI of a hydrogen molecule is equivalent to the observation of an unbound fourbody Coulomb system with no molecular degrees of freedom. This system will display the correlated motion of all its constituents since the energy of the ionizing photon must be shared by all the outgoing particles. Two electrons excited into the continuum near the ionization threshold can offer unique insight into the nature of electron correlation. Electron-electron correlation is omnipresent in nature and is responsible for important effects such as superconductivity and the quantized fractional Hall Effect and many others. Hence, the investigation of the PDI of H 2 in the threshold region is of fundamental interest and demands further study.
Of particular interest is the electron ejection pattern of this molecular break-up, as its structure is a reflection of four different interplays, which are affected by several constraints. We have to contemplate (1) Electron-electron correlation as determined by the initial two-electron wave function.
(2) Electron-electron repulsion and selection rules based on parity and angular momentum conservation depending on the energy sharing of the two electrons. (3) Electron-nuclei interaction, influenced by symmetry effects of the molecular state as well as selection rules due to parity and angular momentum conservation. (4) Nuclei-nuclei repulsion, restrained by total energy conservation and the correlated initial wavefunction.
Referring to the latter (i.e. point 4), the two electrons are ejected instantaneously from a molecule with the nuclei at a certain internuclear distance. This distance is governed by the zero-point motion of the nuclei in the molecular ground state. Subsequently, the two nuclei separate with a kinetic energy determined by the potential energy of their coulombic repulsion at the internuclear distance the photon was absorbed. The kinetic energy distribution of the repelling nuclei has a width of FWHM=4.5 eV and is quite broad. This corresponds to internuclear distances of 0.6-0.9 Å for a hydrogen molecule, resulting in an average ion energy of around 9.4 eV. Therefore, no sharp double ionization threshold, as in the atomic case, can be observed.
The ionization potential of 31.6 eV represents the sum of the binding energy of each electron in a hydrogen atom (2 × 13.6 eV) plus the dissociation energy of the neutral H 2 molecule (4.52 eV). A mean value of the PDI region is then given by 2 × 13.6+4.52+2 × 9.4=50.52 eV. In the experiment presented here, a photon energy of 50 eV was chosen to investigate the behavior in the threshold region and compare it to the PDI at 75 eV. The latter photon energy corresponds to the double ionization of H 2 at around its maximum cross section [39, 40] . For a fixed photon energy the ionization process at different internuclear distances changes the kinetic energy available to be shared by the outgoing electrons due to energy conservation. Moreover, different bondlenghts of the ground state of the molecule result in different initial electronic wave functions.
In most cases of the PDI, even in the threshold region, the Born-Oppenheimer approximation is appropriate. For a hydrogen molecule, an electron energy of 5 meV and lower is required for similar velocities to the recoiling ions resulting in a possible breakdown of this model. Since the cross section for PDI of hydrogen molecules at 50 eV is lower than 1 × 10 −21 cm 2 , a coincident observation of all four particles is very difficult. Moreover, because both ejected electrons are very similar in energy, the difference in their times-of-flight to one common detector is evanescent. As a result current multihit particle detection limitations of 3D-momentum spectroscopy, which relies on time-of-flight measurements, are problematic. Resolving electron energies below 100 meV is challenging for any experimental setup. Therefore, it is very difficult to make progress in the region of possible strong non-Born-Oppenheimer behavior using current experimental methods.
Nevertheless, especially in comparison with the PDI at maximum cross section (75 eV), the fragmentation at threshold can help to answer the question whether the ejection pattern of the electrons, which varies with the internuclear distance [49-51, 62, 65] , reflects a purely kinematic effect, or if it is due to changes in electron correlation of the initial state wave function. Hence, in the following sections the break-up of hydrogen molecules close to threshold (50 eV) and deuterium molecules at maximum cross section (75 eV), investigated with the reaction microscope technique, will be presented. To our knowledge no highly differential theoretical investigation of the PDI of H 2 in the threshold region, which could complement the experimental data, exists yet. The results presented here may stimulate the intricate quantum mechanical calculations needed for this challenging threshold region.
Technique
By fragmenting an atomic or molecular quantum system many of its initial properties like bond angles, symmetries etc become observable. As it turns out, in the majority of cases, the main information is hidden in the 3D-momentum distributions of the outgoing electrons with respect to a specified direction of the system. This quantization axis can be for instance the photon polarization or the molecular axis. In order to examine these emission patterns, a device is needed that visualizes the trajectories of all particles in the fragmentation process of the target upon photon absorption. Once all 3D-momentum vectors of the outcome are obtained, highly differential cross sections reveal the information of the correlated motion of the many-body system.
A so called reaction microscope has been used to detect electrons and ions in coincidence for each PDI event. Detailed information about the technique, which is also called COLd Target Recoil Ion Momentum Spectroscopy (COLTRIMS), can be found elsewhere [86] [87] [88] . In brief, in this setup the pulsed linearly polarized photon beam (with a pulse duration of 80 ps) of 50 eV energy, provided by beamline 10.0.1 of the Advanced Light Source synchrotron ring of the Lawrence Berkeley National Laboratory, is intersected with an internally cold and well-localized supersonic gas jet under 90°i nside the momentum spectrometer. The PDI of deuterium molecules at maximum cross section (75 eV) was investigated at beamline 7.0.1 employing the same approach.
In this imaging scheme the electrons and ions are guided by parallel homogeneous electric and magnetic fields towards two opposite large position sensitive multi-channel plate detectors. Each of them are equipped with fast delay-line readout anodes. They are capable of handling multiple particle hits from each event within certain limitations; a deadtime of ∼5 ns remains for hits that are less than ∼5 mm apart [38, 89] . The fields are chosen such that a solid angle of detection of 4π is achieved for the electrons and ions at the same time. For each particle the 3Dmomentum vector can then be deduced from the measured timeof-flight and the two dimensional position of impact on the respective detector. Since the raw data is recorded without restrictions, it is possible to extract all information of interest offline at a later time. The intricate offline analysis allows the transformation of the multidimensional momentum phase space to any desired coordinate frame most appropriate for the physical process under investigation.
Applying the axial-recoil-approximation [90, 91] , the COLTRIMS technique enables us to determine the orientation of the molecular axis at the time of the photoionization event. This is because the momentum vectors of the recoiling ions in the final state are measured. From the KER of the recoiling ions and by applying the reflection approximation to the potential energy curves, the internuclear distance at the instant of photoionization can then be derived.
In cases where the Born-Oppenheimer approximation is inadequate, the axial-recoil-approximation will be compromised as well. The angular electron distributions in the bodyfixed frame are then expected to wash out. The final state momenta of the ions do not represent the orientation of the molecular axis at the time of photon absorption anymore (compare to [92] [93] [94] ). However, due to strong multi-hit detection challenges and the very small cross section, for most of the results shown here, only one electron in coincidence with two protons were detected for the PDI in the threshold region. Hence, mostly doubly differential cross sections (DDCSs) will be presented here.
Results
The PDI events were filtered out during the offline analysis by requiring the two detected recoiling ions to have a sum momentum close to zero. This is a fingerprint of two ions being emitted back-to-back in a Coulomb explosion, as it takes place after a direct PDI of H 2 . Using these filtered data the following magnitudes are plotted to shine light on the dynamics of the fragmentation process:
Energy map
In figure 1 the kinetic energy of one electron as a function of the KER of the recoiling ions exhibits the accessible energy phase space of the reaction for a photon energy of 75 eV (figure 1(a)) and 50 eV ( figure 1(b) ). The solid white diagonal line indicates the maximum allowed kinetic energy of all four particles requiring the second electron to have a vanishing value. While for the higher photon energy (75 eV) the electron energy is independent of the KER in about 80% of the cases, the electron energy is highly constrained by total energy conservation at E γ =50 eV. Thus, only for very low energy electrons (below 1 eV) the KER covers the full possible range of the Franck-Condon region. Alternatively, the truncation in final state phase space for the electrons apparently limits the ionic energies to lower values. Thus, only electrons with energies below 1 eV were chosen for some of the polar angular distributions at 50 eV (i.e. figures 3 and 8 below) in order to eliminate effects due to a constricted phase space by the KER.
Azimuthal angles
For the case of a photon energy of 50 eV we restricted the investigation to a KER interval in figures 2(a)-(c) ranging from 12 to 16 eV. This represents a hydrogen molecule with a large internuclear distance. It allows us to investigate the angular distribution of the emitted electron perpendicular to the polarization vector for the complete available interval of electron kinetic energies (0-4 eV). In this so called azimuthal plane the molecular axis is aligned horizontally, while the polarization vector is orientated normal to this plane. For comparison the angular distribution for a photon energy at 75 eV with a similar cut in KER (12-18 eV) is presented in
The sequence of spectra shows that low energy electrons, which are generated at 50 eV, are slightly more aligned along the molecular axis. For electrons with higher energy the distribution becomes more isotropic. However, a circular shape like for the PDI of helium atoms is not reached, even when the smallest internuclear distances (resp. a large KER) are chosen (not shown here: it resembles figure 2(f)). This slight effect is true for both photon energies used here (50 and 75 eV) but contrasts observations at 58 eV [58] , which found this distribution to be circular. This might be interpreted as a stronger electron-nuclei interaction for lower energy electrons due to non-Born-Oppenheimer effects, but no theoretical proof for this assumption can be given here. However, even without violating the Born-Oppenheimer approximation, such an effect might be explainable by the increased sensitivity of the low energy electrons to the anisotropy of the two center field of the nuclei.
Polar angles
In figures 3(a)-(f) a coplanar geometry is chosen to present the polar angular distributions for low energy electrons (0-1 eV) produced by 50 eV photons. In this geometry the Jacobi coordinate kfor the recoiling ions was calculated as k -=(k 1 -k 2 )/2 (representing the molecular axis) and applied to span a plane with the polarization vector ε of the incoming linearly polarized light. While integrating over the emission direction of one electron, events are chosen with the depicted second electron to be in this plane with an acceptance angle of ±20°. The sequence in figures 3 shows the electronic angular distribution for different orientations of the molecular axis with respect to the horizontal polarization vector ε (5°, 10°, 15°, 20°, 55°and 90°).
The spectra in figures 3(a)-(e) resemble a superposition of two 2-lobes-structures mirrored along the molecular axis with a rising emission probability for larger angles of the molecular axis with respect to the polarization vector. It is strongest for a perpendicular molecular orientation to the polarization vector, due to the solid angle. Starting with a dwave like shape of the angular distribution for pure Σ-Σtransition (which is due to selection rules but not shown here) the electron angular distributions become asymmetric such that the plotted electron is emitted preferably perpendicular to the molecular axis. This is true for molecular orientations below 25°with respect to the polarization axis. With an increasing contribution of the final states with Π-symmetry, i.e. rising angle of the molecular axis, the electron emission follows the orientation of the molecule.
While for a pure Σ-Π-transition (figure 3(f)) parity conservation requires a p-wave like shape, this evolution is a function of the electronic energy sharing. This becomes evident in comparison with the DDCSs obtained in the PDI at There is a noticeable resemblance between figures 3 and 5, i.e. the differential cross sections for two different photon energies. This is likely due to the fact that in both cases the electronic energy sharing is almost equal. For low energy electrons, produced by photons with 75 eV energy (see figures 4(a)-(d)), the angular distribution for final states with mainly Σ-symmetry shows a more structured shape (resembling an f-wave) and a tendency for electrons to be emitted perpendicular to the polarization vector. For angles of the molecular axis bigger than 30°(figures 4(e)-(f)) the electrons behave like in figures 3 and 5. High energy electrons show a different behavior (see figures 6(a)-(e)). Starting also with a sharp d-wave like shape for a pure Σ-Σ-transition (not shown here), the distribution evolves such that a node along the molecular axis is visible. For molecular orientations below 30°with respect to the polarization vector, the emission patterns represent almost the mirror image of the low electron energy case (figures 3(a)-(d) and 4(a)-(d)) and the scenario of equal electron energy sharing (figures 5(a)-(d)), while figures 6(d) shows a preferred electron emission, which resembles the opposite pattern of figures 3(d), 4(d) and 5(d).
Relative electron momenta
In figure 7 the internal relative momenta of the two emitted electrons are presented for the PDI of H 2 at 50 eV. These spectra are based on rare four-particle coincidences recorded at this low photon energy. The filtered data require two recoiling protons to clearly identify the fragmentation process and two electrons, which are depicted here. The rather poor statistics is due to the experimental multi-hit particle detection problem, the small detection efficiency for four particles, i.e. two electrons and two recoiling protons, and the very low PDI cross section at threshold. The data were derived from a parallel data recording scheme based on fast flash-Analog to Digital Converters and a complex offline double pulse Gaussian fit routine, applied to all raw signal traces of the electron (multi-channel plate) detector (with hexagonal delayline readout) [38, 89] . This way of data recording can be up to a factor of ∼20 more efficient in the relevant phase space but was limited to acquisition rates of 1 kHz only, at the time the measurement was performed.
An internal electron-electron plane is spanned by the two electrons with one of them being emitted always to the right, as indicated by the arrow while its length has no meaning. The maximum possible momentum of the depicted electron is normalized to 1 for better comparison of the three cases, which differ in their electron sum energy. I.e. the case where the depicted electron carries all the excess energy and the other electron has zero energy corresponds to a circle with a radius of 1. The other inner black circle indicates equal energy sharing. The electron sum energy was limited from (A) 0 to 1 eV, (B) 1 to 2 eV and (C) 2 to 3 eV. All three cases are integrated over the orientation of the polarization vector and the molecular axis. The mean angle between the electrons is indicated by the diagonals. They show that the relative angle between the two emitted electrons is 132.07°in (A), 131.41°in (B) and 130.16°in (C), which reflects that the relative angle decreases for an increasing electron sum energy. For decreasing excess energy the electrons are more and more emitted back-to-back. This is a direct consequence of electron-electron repulsion, becoming increasingly important for slower electrons. This finding is in line with previous observations where, for the case of equal energy sharing, the fully differential cross sections are purely given by the width and amplitude of a Gaussian distribution. This is because the differential cross section can be parameterized with θ 1 and θ 2 being the polar angles of the two electrons 1 and 2 with respect to the polarization vector, θ 12 the relative polar angle between the two electrons, j the azimuthal electron angle, a g and a u being complex amplitudes and E 1 the kinetic energy of electron 1. Since a u is antisymmetric in terms of exchanging the particle numbering, it can be shown that a u =0 for equal energy, which leaves a g the complex amplitude to describe the differential cross section. It is commonly expressed by: with A being the amplitude and σ w the width of the Gaussian distribution.
Since the electron sum energy is very small for the case of the near threshold double ionization, the two electron energies can be treated as almost equal. Hence, the above parametrization is expected to be applicable. It has been observed that the width of the Gaussian distribution is actually narrower for hydrogen molecules (see [46] [47] [48] 95 ] and 89.7°±2 FWHM found in this work at 24.5 eV excess energy in the 75 eV measurement) than for helium atoms [21, 23, [96] [97] [98] [99] [100] . As in those past experiments the distribution decreases with decreasing electron sum energy, as observed here as well for an ionization energy of 50 eV. However, due to the poor statistics, the angular distributions cannot be generated, and hence the Gaussian fits to the differential cross sections at 50 eV cannot be derived.
KER-effects
In figures 8-11 the polar angular distributions of one electron for three different KERs are presented, while the orientation of the molecular axis is fixed to 45°with respect to the polarization vector ε of the incoming light. Figure 8 depicts the evolution for a fragmentation of H 2 in the threshold region (50 eV) for low energy electrons (0-1 eV). For small KER or large internuclear distances, respectively ( figure 8(a) ), the body-fixed angular distribution shows a preferred emission along the molecular axis. This behavior is changing once bigger KERs or smaller internuclear distances are chosen (see figures 8(a) and (b)). Finally, a highly structured electron emission pattern, which is created by contributions from higher angular momenta, is shown in figure 8(c) . Apparently, the kinetic energy of the electrons plays an important role in this scenario as seen in the complementing spectra ( Moreover, the ratio between these two emission probabilities changes with the KER (see figures 11(a)-(c)). For high KER or small molecular bondlengths a fast electron is emitted preferably along the polarization vector ε of the incoming light, suggesting only one electron to contribute to the emission distribution. However, the presence of the second electron in the process of the PDI is evident in the still noticeable emission probability along the direction perpendicular to the polarization vector ε. Multi Scattering theory in Non Spherical self-consistent Potentials (MSNSP) [101] for the single ionization of H 2 + (not shown here) describes a pure p-wave exhibiting a sharp minimum at 90°.
Summary
We studied the PDI of hydrogen molecules near threshold and the complete fragmentation of deuterium molecules at maximum cross section with single photons (linearly polarized The molecular axis at a fixed orientation (blue barbell at 45°±15°) and the polarization vector ε (which lies horizontally) span a plane. The emission pattern of one of the two low energy electrons (0-1 eV) is plotted with an acceptance angle of ±25°in this plane. The orientation of the molecular axis represents a mix of Σ and ∏ transitions. The data are integrated over the second electron. The cross sections are normalized to the chosen KER intervals as seen in the insets. The dashed lines show a fit with spherical harmonics (l ä [1, 4] , m ä [0, 1]). The molecular axis at a fixed orientation (blue barbell at 45°±15°) and the polarization vector ε (which lies horizontally) span a plane. The emission pattern of the high energy electron (>19.5 eV) is plotted with an acceptance angle of ±25°in this plane. The orientation of the molecular axis represents a mix of Σ and ∏ transitions. The data are integrated over the second electron. The cross sections are normalized to the chosen KER intervals as seen in the insets. The dashed lines show a fit with spherical harmonics (l ä [1, 4] , m ä [0, 1]). light). The focus of this research was on the investigation of the dynamics of four-particle motion in the final state and especially on hints for a breakdown of the Born-Oppenheimer approximation, which ultimately depends on the photon energy. The electron-ion energy correlation map revealed the different amount of independent phase space available in the final state of the reaction for the two different photon energies of 50 and 75 eV, emphasizing a smaller Franck-Condonregion and the strong dependence of the kinetic electron energies on the KER for the PDI at threshold.
While integrating over one electron, 50 and 75 eV photons were chosen to compare the emission patterns of the second electron with respect to the molecular axis. The azimuthal electron angular distributions at 50 eV exhibits a preferred emission along the molecular axis for low energy electrons, hinting electron-nuclei interaction and a possible violation of the Born-Oppenheimer approximation for a fraction of the PDI processes.
The polar angular distribution of the electrons in the body-fixed frame revealed a strong influence of the electronic emission pattern on the orientation of the molecular axis. Since even the lowest electron energy presented here still is a 100 times larger than the necessary kinetic energy for the electrons to be in comparable velocity ranges as the recoiling ions, no dramatic breakdown of the Born-Oppenheimer approximation could be expected and observed. However, the relative emission angle between the two electrons is slightly increasing with a decreasing electron sum energy. I.e. the emission pattern indeed changes with the velocity of the electrons for all orientations of the molecular axis and the polarization vector as predicted in the literature. Nevertheless, as can be derived from the sequence of different molecular orientations, the electronic polar angular distributions are mainly dominated by electron-electron interaction, symmetry effects and selection rules. Hence, for the low photon energy at hand (50 eV), the electronic energy sharing is more important than the absolute value of the kinetic energy: electrons with similar energy sharing at 50 and 75 eV show the same trend in the angular distribution along and perpendicular to the molecular axis, while low energy electrons at 75 eV exhibit a contribution of emissions perpendicular to the polarization vector. This behavior is true for orientations of the molecular axis below 45°with respect to the linear polarization of the incoming light: once the final states yield more Π-symmetry the emission patterns look the same. On the other hand, for high energy electrons (>19 eV) the kinematics is almost reversed.
The investigation of the KER dependency on the polar angular distribution for a fixed molecular orientation (45°) reveals the interplay of electron-electron interaction, electron-nuclei interaction and the influence of the initial state wave function. While for low energy electrons and large internuclear distances a preferred emission along the molecular axis is evident, a highly structured electronic angular distribution can be observed for small molecules. When the electron energy is increasing, the electron emission is preferably aligned along the polarization vector of the incoming light. The remaining contributions of electrons emitted perpendicular to the polarization vector indicate the presence of the second electron.
While the experimental observations and the comparison of the results of the two photon energies show a high level of detail, a theoretical explanation is missing due to the complexity of the four-body problem, which requires intricate computations. Especially the investigation of possible non-Born-Oppenheimer effects in the threshold region of the PDI of H 2 remains challenging. Until ab initio calculations become available, helium-like models, describing the emission of electron pairs into the continuum, may be an economic route to pursue [102] . We hope the presented DDCSs will stimulate computations of any kind to illuminate the dynamics and kinematics of this fundamental four-body problem.
